Measuring the organic carbon bioability of the Lehigh River using plug-flow biofilm reactors by Sterner, Lora
Lehigh University
Lehigh Preserve
Theses and Dissertations
2005
Measuring the organic carbon bioability of the
Lehigh River using plug-flow biofilm reactors
Lora Sterner
Lehigh University
Follow this and additional works at: http://preserve.lehigh.edu/etd
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Sterner, Lora, "Measuring the organic carbon bioability of the Lehigh River using plug-flow biofilm reactors" (2005). Theses and
Dissertations. Paper 901.
Sterner, Lora
Measuring the
Organic Carbon
Biolability of the
Lehigh River
Using Plug-Flow
Biofilm Reactors
May 2005
Measuring the Organic Carbon Biolability of the Lehigh River
Using Plug-Flow Biofilm Reactors
By
Lora Sterner
A Thesis
Presented to the Graduate and Research Committee
of Lehigh University
in Candidacy for the Degree of
Master of Science
111
Earth and Environmental Scienccs
Lchigh Univcrsity
April 29, 2005

TABLE OF CONTENTS
List of Tables .iv
List ofFigures v
Abstract. 1
Introduction 3
Methods 9
Results 16
Discussion 22
Tables 31
Figures 35
Bibliography 49
Vita 53
111
LIST OF TABLES
Table 1. Summary statistics for both non-photobleached and photobleached samples.
Table 2. Summary statistics for the mean change in initial samples from
photobleaching and the mean change in photobleached samples through the
bioreactors.
Table 3(a, b). Non-photobleached and photobleached correlation matrices.
Table 4. Mean Change in variables across the bioreactors for the standard.
I\"
LIST OF FIGURES
Figure 1. Flow chart of weekly experiments for both non-photobleached and
photobleached samples.
Figure 2. Lamp irradiance output and solar irradiancc output
Figure 3. Percent decrease in absorbance on four dates for non-photobleached
samples for wavelengths 440-280 nrn.
Figure 4(a-k). Select regression graphs for the mean change in variables across the
bioreactors against the initial conditions for non-photobleached
samples.
Figure 5(a-f). Select regression graphs for the mean change in variables across the
Against initial conditions for photobleached samples.
Figure 6(a-i). Seasonal graphs of the mean change in variables for
non-photobleached samples.
Figure 7(a-f). Graphs of river conditions throughout the study period.
ABSTRACT
The biological availability of dissolved organic carbon (DOC) to microbes is a
key property in detennining the turnover and eventual fate of this organic matter pool.
Little is known about the influence of microbial activity on the optical and chemical
properties of DOC in streams. This coupled with the attention the transparency of
aquatic ecosystems has been receiving due to the depletion of stratospheric ozone has led
to the focus of this study. This study investigated the microbial role in regulating the
optical and chemical properties of the Lehigh River and the coupled effects of
photobleaching and microbial metabolism on biolability.
Biolability was detennined over a period of a few hours following the exposure of
water samples to microorganisms in plug-flow biofilm reactors. Samples were exposed
to UV lamps in the lab for 48 hours to detem1ine the effects of photobleaching on
biolability as well as the combined effects of photobleaching and microbial metabolism
on the optical and chemical properties of the Lehigh River. Laboratory analyses were
perfonned on non-photobleached samples before and after entering the bioreactors and
before photobleaching, after photobleaching and from the outflow of the bioreactors for
photoblcachcd samplcs.
DOC biolability avcraged 15!jij of the total DOC for non-photoblcached samples
and 40% of the total DOC for photobleached samples indicating that photobleaching
caused the parent material to break down into more biologically available compounds.
The non-photobleached samples showed significant changes across the bioreactors in
dissolved oxygen (-10.5%), pH (-1.2%), absorbance 320 run (-22.4%), total fluorescence
(-8%), spectral slope UV-A (+3.6%), and spectral slope U V-B (+3.4%). Photobleached
samples had significant changes across the bioreactors in dissolved oxygen (-13.1 %),
absorbance 320 run (-32.8%), and spectral slope UV-A (+26.33%) indicating that
photobleaching coupled with microbial metabolism caused more dramatic effects on the
optical and chemical properties of the Lehigh River. Biolability was most strongly
correlated with the initial concentration ofDGe in the river (r2 value = 0.42, p<O.OOI)
and varied seasonally with the greatest percentage occurring in the fall following the
trend in the river DOe concentration.
INTRODUCTION
Dissolved organic carbon (DOC) comprises most of the reduced carbon in aquatic
ecosystems and provides energy and carbon resources for the metabolism of
heterotrophic bacteria. The biological availability of DOC to microbes is a key property
in determining the turnover and eventual fate of this organic matter pool (del Giorgio and
Davis 2003). Biological availability or biolability is the relative potential for DOC to be
assimilated by the heterotrophic bacteria. Not all DOC is biologically labile or
biodegradable and may not be metabolized by heterotrophic bacteria. The portion of
DOC that is biodegradable consists of a mixture of molecules that range from the very
labile to the extremely refractory. Labile carbon molecules are cycled rapidly and satisfy
most of the energy requirements of heterotrophic bacteria. It is also known that humic or
recalcitrant substances dominate the DOC pool in stream water and act as a supplement
to heterotrophic metabolism (Volk et a1. 1997). By identifying how the biodegradable
dissolved organic carbon (BDOC) constituents are contributing to heterotrophic
metabolism we can increase our understanding of ecosystem function and bacterial
ccophysiology (Volk et al 1997).
The short-tcnn biolability of DOC is a function of intrinsic factors. such as thc
chcmical charactcristics of thc carbon. Thcse characteristics include thc molecular
wcight distribution. the nutricnt contcnt (nitrogen and phosphorus). and thc contribution
of a broad class of compounds dctcnnincd by the source and diagenctic statc of thc
carbon (del Giorgio and Davis 2003). The sourcc of DOC can either bc allochthonous or
autochthonous. Autochthonous DOC is derived from aquatic algae and macrophytes
within the aquatic ecosystem and is mostly composed of aliphatic molecules with low
capacity to absorb light (Reche and Pace 2002). Allochthonous DOC is derived from
terrestrial sources and is transported by runoff and groundwater. This DOC is enriched in
aromatic compounds and consists mostly ofhumic acids that have a high capacity to
absorb light (Reche and Pace 2002). DOC biolability is also affected by extrinsic factors
that regulate the metabolism of the bacterial community, such as temperature, nutrient
availability, enzymes, trophic interactions in microbial food webs, and the composition of
the bacterial assemblage (del Giorgio and Davis 2003). On average, DOC lability across
a variety of aquatic ecosystems including; lakes, rivers, marshes, estuaries and marine
ecosystems, was 15% of the total DOC and the percentage of labile carbon increased with
increasing DOC concentrations (del Giorgio and Davis 2003).
DOC biolability is also affected by photodegredation of parent DOC to more
biologically active DOC (Moran and Zepp 1997). Photoproducts of DOC include
biologically available low-molecular weight compounds that can be readily assimilated
by natural bacterial populations (Miller and Moran 1997). The biolabile photoproducts
of DOC may actually stimulate bacterial production by as much as 6 fold (Moran and
Zepp 1997). On the other hand these DOC photoproducts become more UV transparent
and may increase the penetration of UVR in the system. This creates a tradeoff between
the direct inhibitory effects ofUVR on organisms and the indirect effect of stimulation of
the bacterial communit\'.
The transparency of aquatic ecosystems to ultraviolet radiation (UVR) has been
receiving more attention due to the depletion of stratospheric ozone. UVR has a spectral
region between 200-400 nm and is subdivided into UV-A (320-400 nm), UV-B (280-320
nm) and UV-C (200-280 nm). UVR makes up only 6% of incoming solar radiation
reaching the earth's surface and of this 6%; roughly 90% is UV-A, the longer and less
damaging radiation (Hader et al. 1998). The remaining UVR that reaches the earth's
surface is UV-B because all of the UV-C is strongly absorbed by the atmosphere. UV-B
is the most dangerous form that reaches earth's surface, to living organisms because
shorter wavelengths contain higher energy and can potentially cause more damage.
Increases in this type of radiation can lead to negative effects on aquatic ecosystems. It
has been shown that both UV-A and UV-B can significantly affect the growth and
productivity of organisms. These effects could change the species composition and
biomass productivity in freshwater ecosystems (Hader et a1. 1998). The main mechanism
UVR uses to cause damage involves molecular targets, specifically DNA within exposed
cells (Williamson and Neale 2001). In humans it has been known to cause skin cancer,
cataracts, and sunbum.
It has been shown that differences in the UVR transmission in lakes arc mainly
due to the concentration of DOC present. which strongly absorbs UVR (ivlorris et a1.
1995). DOC was identified as the main factor explaining the variation in UV attenuation
among lakes and as a good estimator ofUV transparency (Moms et a1. 1995). Se\"Cral
bio-optical models estimate UV attenuation in natural waters when the concentrations
and optical propcrtics of algal pigmcnt and DOC are kno\\'n (Hargrca\"cs 2003).
5
Chromophoric dissolved organic matter (CDOM) is the portion of DOC that absorbs
visible light and UVR. CDOM absorption increases exponentially from the mid-visible
wavelengths into the UVR range. CDOM is described as the "optical concentration" of
DOM, or the concentration ofcolored substances such as humic and fulvic acids.
(Hargreaves 2003). The amount of CDOM is usually related to the amount of DOC
present in the water. Overall, CDOM absorption ofUVR can potentially protect the
water column from hannful radiation.
As CDOM absorbs UVR, the chromophoric compounds tend to degrade. This is
called photobleaching and is reflected in the loss of the capacity to absorb light (Reche
and Pace 2002). The degree of photobleaching is assessed by evaluating optical changes
that reduce the visible color and UVR absorbance of a water sample. Along with the
degradation of CDOM there is an increase in the amount ofUVR that can penetrate the
water column. This could have significant impacts on shallow systems such as the
Lehigh River that provide little refuge from UVR.
Photobleaching coupled with microbial metabolism can significantly reduce bulk
DOC in aquatic ecosystems. Photobleaching can help modify recalcitrant DOC into
more biolabile fractions allowing microbial enhancement and utilization of the already
altered DOC. In the process microbial metabolism can further alter the optical and
chemical characteristics of the DOC. Optical properties such as spectral slope (S) and
DOC specific absorbance (aJDOC) reOect the effects of photobleaching and microbial
metabolism (Osbum et al. 2001). The spectral slope is defined as the absolute value of
the slope of In (a) vs. wavelength (Kirk 1994). An increase in S would involve an
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increase in the transmission of short wavelength UVR relative to PAR (Morris and
Hargreaves 1997). Photobleaching also has the ability to reduce DOC specific
absorbance an index of the absorptivity of DOe. Since the effects of photobleaching can
vary among lakes due to the variance in DOC composition and concentration it is
important to also understand the source and quality of the DOe. The optical quality can
be described as a spectrum with varying levels of DOC quality. The ends of the spectrum
can be defined by parameters such as spectral slope, DOC specific absorbance, and
fluorescence ratio. Fluorescence spectra of DOC can define the source and quality of the
DOC. When taking the ratio of the emission intensity at 450 nm and the emission
intensity at 500 nm it will give an index. The index ranges from 1.4 for terrestrially
derived compounds up to 1.9 for microbial derived compounds (McKnight et al. 2003).
At one end of the spectrum there is allochthonous DOC with a low S, high DOC specific
absorbance and a low fluorescence ratio. At the other end of the spectrum is
characterized by autochthonous DOC, with a high S, low DOC specific absorbance and
high fluorescence ratio.
Recent studies in lakes have shown seasonal variability in the transmission of
UVR (Morris et al. 1995, Hargreaves 2003, Pace and Cole 2002). Precipitation,
discharge, residence time, and temperature are major factors that can influence the
absorbance ofUVR in the water column because they have the ability to remove, dilute
or concentrate DOC from the watershed (Hargreaves 2003). Despite all of the research
done on UV transparency in oceans and lakes little is known about river systems
especially the influence of microbial acti\'ity on the optical and chemical properties of
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DOC. This study will help to investigate the microbial role in regulating these optical
and chemical properties and the coupled effects of photobleaching and microbial
metabolism on biolability.
This study will focus on organic carbon biolability in the Lehigh River at the
Route 378 bridge in Bethlehem over an 18-month period. Concentrations ofBDOC were
estimated from changes in the DOC concentration following the exposure of water
samples to microorganisms in a plug flow biofilm reactor over a period of a few hours
(Kaplan and Newbold 1995). In order to determine combined effects of microbial
metabolism and photobleaching on optical and chemical properties of the DOC, optical
measurements including absorbance (a), DOC specific absorbance (a/DOC), fluorescence
(F), and spectral slope (S), were measured. Precipitation and discharge data were
compared with the variables in order to look for hydrological relationships that may
regulate the fraction of labile carbon. Furthermore, to determine the effect of
photobleaching on biolability, samples were exposed to UV lamps in the lab. The same
measurements were made as non-photobleached samples to compare the effects of
photobleaching. Overall, the study assesses how the biolability of the Lehigh River
varied over time with changing environmental factors and what this could mean for
aquatic ecosystems.
s
METHODS
DESCRIPTION OF THE STUDY SITE
The Lehigh River in northeastern Pennsylvania runs for 172 kilometers and drains
an area of approximately 3,528 km2• The headwaters are situated in the Poconos near
Gouldsboro, PA and the mouth is located in Easton, PA where it joins the Delaware
River. The width of the main stem ranges from 30-45 m and the average depth is 2
meters. Over one million people live in the Lehigh River watershed area, thus classifying
the river as high priority according to the Environmental Protection Agency (Wildlands
Conservancy). The sampling site lies directly beneath the Route 378 bridge in
Bethlehem, PA. The coordinates for this point on the bridge are: N 40.61486°, W
75.38438° (NAD83).
BIOREACTOR DESIGN, OPERATION, AND COLONIZATION
The bioreactors were structured after a design previously used for drinking water
analysis (Ribas et a1. 1991) and later for measurements of stream water BDGC (Kaplan
and Newbold 1995). They were constructed of low pressure borosilicate glass
chromatography columns with polyethylene bed supports completely filled with Schott
borosilicate glass beads. The columns are 61.3 cm in length and have a diameter of 2cm.
The spheres are 1-2 mm in diameter with 60-300 um pore diameters that provide a
90.000: 1 surface ratio. Two duplicate sized bioreactors were used that had a total. empty
space between beads. volume of 120 ml each. The bioreactors were kept in the dark with
aluminum foil and supplied continuously with water by an up flow. once through mode
using a peristaltic pump and Viton tubing. All other tubing was 1is inch PEEK tubing.
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Feed water for the bioreactors was from the Lehigh River in Bethlehem,
Pennsylvania near the Route 378 bridge. The water was filtered through Whatman GF/F
glass micro fiber filters and stored in 5-gallon plastic jugs kept in the dark at room
temperature. The bioreactors began colonizing on October 1, 2002, and were allowed
four months for a typical stream microbial community to develop. This community may
be expected to include bacteria, fungi, and protozoa.
MEASUREMENT OF DO, pH, AND DOC CONCENTRATION
Weekly experiments were run using Lehigh River water from the route 378
Bridge sampling (Figure 1). Samples are taken from the Lehigh River on the
east/downstream side of the Route 378 Bridge in Bethlehem, PA from four equally
spaced intervals over the river. Dip samples were taken by dropping a 1 liter sample
bottle over the side of the bridge. Samples from the four points were then integrated in a
4 liter bottle and transported back to the lab. The water was filtered through Whatman
GF/F glass fiber filters and initial samples were collected. These initial samples were
then analyzed for dissolved oxygen and pH using the Winkler method for dissolved
oxygen and an Orion perpHect meter to measure pH. The Winkler method consisted of
drawing water into a 50 ml syringe and adding 0.5 ml ofMnS04 reagent and 0.5 ml of
NaOH + KI and shaking vigorously. Once the precipitate had settled out 0.5 ml of
H2S04was added and the sample was shaken vigorously until the precipitate had
dissolved. 50 ml of the sample was measured out using a volumetric pipette and
transferred to an Erlenmeyer flask. The sample was then titrated to a pale yellow color
using 0.05 ~1 sodium thiosulfate solution and 2 drops of starch mixture were added to
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achieve a uniform blue color. The sample was then titrated to a colorless endpoint. The
following equation was used to calculate the mg/L of dissolved oxygen present in the
sample:
(1) mgOz/L = (ml titrant)(molarity ofthiosulfate)(8000) 1
[(ml sample titrated) (ml of syringe -21 ml of syringe)]
The water was then pumped through the bioreactors at a rate of 1ml/min. After an
equivalent of 5 empty space volumes of the bioreactor had been run through, final
samples were collected from the outflow. Initial and final samples were collected in
muffled Pyrex glassware and were not refiltered prior to further analysis. Final samples
were also analyzed for pH and dissolved oxygen.
DOC concentrations were measured by a high temperature Pt catalyst oxidation
method (Shimadzu TOC-5000) following the recommendations of Sharp et a1. 1993. The
uptake of BDOC within the bioreactors was calculated by measuring the difference
between the DOC concentrations of the initial and final samples. The percent labile DOC
was calculated using the equation:
(2) %labile DOC = [(DOCnitial- DOCfina1 ) 1DOCinitial]*lQO
The metabolic efficiency of the bioreactors was calculated using the equation:
(3) metabolic efficiency = BDOC/~DO
STA~DARD
In order to detenl1ine if the bioreactors changed o\"er time. a standard was used.
The standard was Lehigh Ri\"er water collected on 5/2/2004. The water was kept in a 5
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gallon plastic jug in the refrigerator until it was run on 5/12/2004, 6/28/2004, 7/2712004,
and 8/17/2004. The same analyses and methods were used for the standard as for regular
samples.
CALCULATION OF ABSORPTION COEFFICIENTS
Absorbance (a) of initial and final samples was determined by spectrophotometry
scans (Shimadzu UV 160 U) using 10 cm quartz cuvettes and a blank consisting of low-
carbon deionized water. Absorption coefficients for the dissolved fraction of the river
water (~) were calculated as:
(3) ~ = 2.303D/r,
where D is the spectrophotometer absorbance and r is the path length in meters (Kirk
1994). The change in absorbance through the bioreactors was determined by subtracting
the final from the initial sample absorbance. DOC specific absorbance (a320/ [DOC))
was calculated by dividing the absorbance at 320 nm by the DOC concentration (mg/L).
The absolute value of spectral slope (S) was calculated as the natural log transform of
absorbance separately for UV-A (320-400 nm), UV-B (280-320 nm):
(4) ISpectral Slopel (S) = I t:. logca/t:. wavelength (nm) I.
FLUORESCENCE
Fluorescence was measured with a Shimadzu RF 551 (~\ 370 nm. ~m 400-700
nm). Total fluorescence was calculated by summing the fluorescence values for each I
nm band from 400-700 nm. The tluorescence of deionized water was subtracted from
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samples to correct for scattering. The fluorescence ratio f 450: 500 was calculated by
dividing the emission at 450 nm with the emission at 500 nm using the average of three
wavebands to help identify possible DOC sources (McKnight 2001).
PHOTOBLEACHING EXPERIMENTS
To test for the effects of photobleaching on the DOC biolability, samples were
exposed to UV lamps in the lab for 48 hours in 2 liter optically thin quartz bottles with a
diameter of9.5 cm. The exposure setup consisted of 4,40 W tubes of a QPanel UV-A
340 lamp in two banks of two lamps each positioned on a bench top. The quartz bottles
were placed horizontally 9.55 cm between the two banks oflamps. The filtered water
was tested for all variables (I) initially before photobleaching, (2) after photobleaching
but before the bioreactors and (3) finally from the outflow of the bioreactors after 5
empty space volumes had been run through (Figure 1).
Lamp calibration was performed using a spectral radiometer made by Patrick
Neale at the Smithsonian Environmental Research Center. The two lamps in one bank
were scanned at 1 nm resolution by the radiometer and measured by the Biospherical
profiling ultraviolet radiometer (PUV 500) at its 4 UV wavebands. The irradiance values
from the radiometer were adjusted to the average of the PUY measurements. Finally. to
account for the second bank of lamps the values were multiplied by two. The final output
irradiance spectrum for the lamps was graphed vs. the irradiance averaged from 4 hours
centered on solar noon for a tyvical sunny July day at Lake Lacawac (Figure 2). Figure 2
shows that the lamp intensity was roughly lOX the intensity of irradiance around solar
noon on a tyvical summer day.
DISCHARGE AND PRECIPITATION
The labile DOC concentrations were analyzed in conjunction with the discharge
values from the gaging station on the Lehigh River. The discharge is monitored by the
U.S. Geological Survey (USGS). The station is located 33.5 m upstream from the New
Street Bridge and the collection site. The discharge values from the Bethlehem gaging
station (USGS #01453000) are reported as average daily flows and are measured in
ft3/sec.
Precipitation data were collected from the Lehigh Earth Observatory's (LEO)
weather net. It is an electronic network of weather and water monitoring stations. The
closest Lehigh University monitoring station on Packer Campus (Weather 2) was used.
The precipitation values were daily rainfall totals measured in millimeters. For graphing
purposes three-day averages of precipitation were used.
STATISTICAL ANALYSIS
Statistical analyses for summary statistics of averages and percent changes and
standard deviation in Table 1, Table 2, and Table 3 were perfomled in Microsoft Excel.
The significance of changes for individual variables was estimated by comparing
confidence intervals for both photobleached and non-photobleached samples. If the
intervals did not contain zero the changes were considered significant. Regression
analysis for the change in all variables vs. initial river conditions was perfonned with
Excel and a multiple regression was perfonned in Statgraphics 5.0 for the change in
absorbance and DOC specific absorbance and initial conditions for non-photobleached
samples. i\Iultiple regression in Statgraphics 5.0 was also used for the change in
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absorbance, DOC specific absorbance, and SUVA for photobleached samples. Finally,
seasonal changes for all variables in non-photobleached samples were graphed in Excel
as well as the initial conditions in the river over time.
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RESULTS
SUMMARY STATISTICS
Microbial activity produced significant changes from inflow to outflow of the
bioreactors in both photobleached and non-photobleached samples (Table 1a, 1b). Non-
photobleached samples showed significant decreases across the bioreactors for dissolved
oxygen (-10.46%), pH (-1.2%), dissolved organic carbon (-15.43%), absorbance 320 nm
(-22.50%), total fluorescence (-7.95%), and fluorescence ratio (-.61 %) variables (Table
la). The greatest change was observed in the absorbance at 320 nm (22.4% decrease).
This decrease tended to vary slightly at different wavelengths indicating that it is a
wavelength specific change (Figure 3). The bioreactors also produced a significant
increase in the absolute value of spectral slope UVA (3.60%) and UVB (3.41 %). The
DOC specific absorbance also decreased but not significantly. Overall the mean biolabile
DOC for non-photobleached samples was 15.4 % of total DOC (Table 1a).
Photobleached samples also showed a significant decrease across the bioreactors
in dissolved oxygen (-13.06%), dissolved organic carbon (-39.87%), and absorbance 320
nm (32.76%) variables (Table Ib). Dissolved organic carbon showed the greatest change
with a 39.87% decrease across the bioreactors (Table 1b). There was also a decrease
across the bioreactors in DOC specific absorbance and the absolute value of spectral
slope UVB; however these changes were not large enough to be significant. There was a
significant increase in the absolute value of spectral slope UVA (26.33%) across the
bioreactors (Table 1b). but the pH. total fluorescence. fluorescence ratio variables showed
increases across the bioreactors and were not significant. Overall. the mean biolabile
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DOC for photobleached samples was 39.9%, which is a little more than two times the
amount of biolabile DOC in non-photobleached samples. It should be noted that the
photobleached experiment had a much smaller sample size compared to the non-
photobleached samples, contributing to the larger number of non-significant variables for
photobleached compared to non-photobleached samples.
Initial samples also showed significant changes from photobleaching (Table 2).
After 48 hours of exposure there were significant decreases in absorbance 320 nm (-
8.7%), total fluorescence (-75.04%), DOC specific absorbance 320 nm (-69.73%), and
the absolute value of the spectral slope UV-A (-20.57%) in the samples. There was also a
significant increase in the absolute value of the spectral slope UV-B (43.76%). This
shows that there were significant changes in the water from photobleaching before
entering the bioreactors.
Metabolic efficiency of the bioreactors was calculated for photobleached and non-
photobleached samples by dividing the average amount of biolabile DOC by the average
amount of oxygen used. The average efficiency for non-photobleached samples was .66
and for photobleached samples the efficiency was 1.20. Although it seems as though the
photobleached samples are utilizing DOC twice as efficiently as non photobleached
samples the calculated confidence intervals overlapped so the efficiencies are not
significantly different from each other.
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CORRELATIONS
There were significant correlations between river conditions and the mean change
in variables across the bioreactors for both photobleached and non-photobleached
samples (Table 3a, 3b). Discharge was positively and significantly correlated with the
change in absorbance (320 nm) and DOC specific absorbance for both non-
photobleached and photobleached samples (Figure 4a, 5a, 5c). This shows that higher
discharge values were significantly correlated with greater decreases in absorbance and
DOC specific absorbance for both types of samples. Discharge was negatively correlated
with fluorescence ratio in non-photobleached samples and positively correlated with total
fluorescence and SUVA in non-photobleached samples (Figure 4b, 5b). Precipitation and
temperature only had significant correlations in non-photobleached samples. Precipitation
was positively correlated with increases in SUVA and temperature was positively
correlated with decreases in absorbance.
In non-photobleached samples the concentration of oxygen before entering the
bioreactors was positively correlated with the change in oxygen and river pH was
positively correlated with the change in pH across the bioreactors (4d, 4e). This shows
that the higher the initial concentrations of DO and initial river pH the greater the
changes will be across the bioreactors. In photobleached samples four variables were
significantly correlated with the decrease in oxygcn across the biorcactors. River values
of DOe. total fluorcsccnce. absorbance. and DOC spccific absorbance were all positively
correlatcd with the change in dissolwd oxygen (Figure Sd). The dccrcase in pH of
photoblcachcd samples also had multiple significant corrclations. Rivcr valucs of
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dissolved oxygen, DOC, and SUVB were all related to the decrease in pH. Biolabile
DOC in both photobleached and non-photobleached samples was positively correlated
with initial concentrations of DOC in the river (Figure 4f, 5e). This shows that the higher
the initial DOC concentrations the greater the proportion as well as the actual
concentration ofBDOC. In both photobleached and non-photobleached samples there
were significant positive correlations between initial total fluorescence and absorbance in
the river and the change in total fluorescence (Figure 4g, 4h).
Photobleached samples showed a significant positive correlation between the
fluorescence ratio in the river and the change in fluorescence ratio through the
bioreactors, while SUVA in the river was negatively correlated with the change in
fluorescence ratio. There were multiple significant correlations between initial river
conditions and the change in fluorescence ratio through the bioreactors in non-
photobleached samples. Multiple regression analysis showed that out of all of the
significant correlations the most important relationships were between higher
fluorescence ratios in the river and the change in fluorescence ratio through the
bioreactors and a negative relationship between absorbance in the river and the change in
fluorescence ratio through the bioreactors (Figure 4i, 4j). There were also multiple
significant correlations between initial river conditions and the change in absorbance
through the bioreactors for both non-photobleached and photobleached samples.
Multiple regression analysis showed that initial river total fluorescence and initial river
absorbance were the most significant positive correlations with the change in absorbance
across the bioreactors for non-photoblcached and photoblcachcd samples (Figure 4k. 41).
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In photobleached samples these two initial river conditions were also significantly
positively correlated with the change in DOC specific absorbance across the bioreactors.
In non-photobleached samples initial river SUVA was significantly negatively correlated
with the change in SUVA through the bioreactors while multiple regression analysis
showed that initial river absorbance and DOC specific absorbance were significantly
positively correlated with the change in SUVA through the bioreactors in photobleached
samples. However, in both photobleached and non-photobleached samples there were no
significant relationships with initial river conditions and the change in SUVB.
STANDARD
The standard used to monitor the change in the bioreactors over time was Lehigh
River water collected on May 2, 2004. Experiments were run in the exact manner as the
experiments for non-photobleached samples. The standard was run on May 12, 2004,
June 28, 2004, July 27,2004, and August 17,2004. Table 4 summarizes the average
changes in initial river conditions across the bioreactors. Some of the variables showed
similar changes on these dates but some showed opposite changes. Decreases were
observed in DO, absorbance, and total fluorescence for all for dates. However, the other
variables increased on some dates and decreased on others. This shows that although
some variables showed similar changes the standard was not stable over time as well as
the bioreactors and demonstrates how difficult it is to use a standard for experiments
involving plug flow biofilm reactors.
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SEASONAL TRENDS
Seasonal trends were observed in all variables for non-photobleached samples
(Figure 6 a-i). Overall, the greatest decrease in dissolved oxygen across the bioreactors
occurred in the fall and the smallest changes occurred in the winter. pH had the greatest
decrease in the spring and the smallest in the fall. Biolability increased steadily from
winter to fall as did the decrease across the bioreactors in total fluorescence and
absorbance. Fluorescence ratio actually increased in the spring and showed a very large
decrease in winter while DOC specific absorbance showed the inverse trend, with the
greatest decrease in the spring and the smallest decrease in the winter. SUVA and SUVB
increases were mirror opposites with SUVA having the greatest increase in the spring and
the smallest increase in the winter and SUVB increase showed the opposite trend.
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DISCUSSION
GENERAL
This study suggests that plug flow bioreactors can be used to estimate DOC
biolability in the Lehigh River and that microbial metabolism and photobleaching playa
critical role in determining the optical environment in river ecosystems. It has previously
been shown that concentrations ofBDOe can be estimated from changes in DOC
concentration following exposure of water to microorganisms in bioreactors over a period
of a few hours (Kaplan and Newbold 1995). It has also been shown that on average DOC
biolability across a variety of aquatic ecosystems is about 15% of DOC (Del Giorgio and
Davis 2003). DOC biolability has been shown to increase from the effects of
photobleaching of parent DOC to more biologically available DOC (Moran and Zepp
1997). This study has examined the effects of photobleaching on DOC biolability
compared to DOC biolability of non-photobleached samples. FurthemlOre, there has
been little work done on the microbial effects on optical and chemical properties of
eDOM and this study has begun to explore these effects. Overall, this study has shown
how biolability varies over time with differing environmental factors.
BIOLABILITY
lvlicrobial activity caused many changes from inflow to outflow of the bioreactors
for both photobleached and non-photobleached samples. The \"ariable that showed the
greatest change through the bioreactors for photob1cached samples was DOC with a
39.9% decrease in concentration. The variable with the greatest change across the
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bioreactors in non-photobleached samples was absorbance (320 nrn) with a 22.4%
decrease. On average, the biolabile DOC in non-photobleached samples was 15.4% of
the total DOC which is consistent with the findings of del Giorgio and Davis of 15% of
the total DOC for a variety ofecosystems. However, the photobleached samples had an
average biolabile DOC of39.9% of the total DOC indicating that photobleaching causes
the parent DOC to break down into more biologically available compounds. This may
have important implications for bacterial communities in aquatic ecosystems because
with increasing UVR photodegredation of DOC will be more abundant as well as the
biolabile portion of DOC. This could stimulate bacterial communities and lead to further
DOC consumption that could lead to decreased absorbance allowing more UVR to
penetrate the water column. This creates a tradeoff between the direct inhibitory effects
ofUVR on organisms and the stimulation of the bacterial community. Although the
lamps used to photobleach the samples produced roughly ten times the intensity of
irradiance on a typical summer day, similar results might be reached under some
circumstances in natural ecosystems. The systems most likely to show similar results
would be clear shallow lake ecosystems because the UV attenuation in these lakes is
much different than humic lakes. The DOC in humic lakes has the ability to absorb more
UVR and takcs longcr to degrade while the DOC in clear shallow lakes has much less
ability to absorb light and will be degraded vcry quickly.
In both photobleachcd and non-photobleachcd samples the greatest correlation
with total biolabilc DOC was the initial conccntration of DOC in the rivcr. This positivc
relationship indicates that the higher the DOC concentrations wcre in the river the greater
, ..
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the amount and proportion of biolabile DOC was present. This relationship is consistent
with the finding of del Giorgio and Davis 2003 that the percentage oflabile carbon
increased with increasing concentrations. Figure 7 a shows river DOC throughout the
study period. The highest percentage of biolabile carbon was measured in the fall and
this coincides with the highest initial river concentrations of DOC (Figure 7a). In river
systems it appears that if there is more bulk DOC there will be a larger fraction ofBDOC
present. Increased concentrations of DOC in the fall are most likely due to leaf drop
implying that with large inputs of DOC to river systems there is a greater amount of
biolabile carbon available for heterotrophic organisms to utilize and make available to
higher organisms.
Metabolic efficiency is used to understand how efficiently the microorganisms in
the bioreactors are utilizing the DOC during aerobic respiration. Non-photobleached
samples had an efficiency value of 0.66 while photobleached samples had nearly double
the efficiency at 1.20. Although it seems as though the photobleached carbon was
utilized almost twice as efficiently as non-photobleached carbon, the values were not
significantly different from each other. This is most likely due the small number of
photobleached samples used to calculate the efficiency.
OPTICAL AND CHEMICAL CHANGES
Microbial activity also caused significant changes in the optical and chemical
propcrtics of Lchigh Rivcr "'ater for both photobleached and non-photobleached samples,
l'\on-photobleached samples showed significant decreases across the bioreactors in
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dissolved oxygen (-10%), pH (-1.2%), absorbance 320 nm (-22.4%), total fluorescence (-
7.95%) and fluorescence ratio (-0.6%). Non-Photobleached samples also showed
significant increases in the absolute value of the spectral slope UVA (3.6%) and DYB
(3.41 %). Photobleached samples only showed significant decreases in dissolved oxygen
(-13.06%) and absorbance (-32.76%) and a significant increase in the absolute value of
the spectral slope UVA (26.33%). The reason that there are fewer significant
relationships for photobleached samples is probably due to the smaller sample size.
Roughly 9 dates were used for photobleached samples compared to 50 dates for non-
photobleached samples.
The 10% average decrease in oxygen in non-photobleached samples and the
13.06% average decrease in photobleached samples caused by the microbes in the
bioreactors is an important implication for anoxia in river ecosystems. Microbial activity
could not potentially contribute to anoxia in the river with such minor fluctuations in
concentrations. Even in warm summer months when oxygen levels are depleted due to
low solubility and when microbial activity is higher with wamler water temperatures they
are only using 10 -13 % of the oxygen for metabolism. The only significant correlation
for the change in oxygcn across the biorcactors for non-photobleachcd samples was a
positivc relationship with the initial dissolved oxygcn conccntration before entering the
bioreactor. indicating that ifthcre is more oxygen available more will be used. Howcver.
photoblcachcd samples had four significant rclationships for thc change in dissolvcd
oxygcn with the greatest being a positive rclationship with the initial DOC
concentrations. This indicates that the highcr the initial DOC conccntration the more
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oxygen is used and the more labile DOe present. During the process of microbial
metabolism increased consumption of Doe translates to increased consumption of
dissolved oxygen.
There was only a significant decrease in pH in non-photobleached samples and
this was related to higher initial pH values. This relationship indicates that the
bioreactors tend to decrease the pH of the water and make it more acidic but only when
the pH is initially more basic. This is most likely a result of the addition of acidic waste
products from microbial metabolism. However, the decrease in pH was only 1.2 % so on
a large scale microbial metabolism could not alter the pH of aquatic ecosystems. The
Lehigh river is slightly more basic because of the abundance oflimestone in the
watershed and this can act as a buffer to acidic waste products from microbial
metabolism.
Non-photobleached samples showed many significant changes in the optical
properties of the water across the bioreactors. The decrease in absorbance was the
greatest change for non-photobleached samples with a 22.40% decrease. This is most
likely the result of the decrease in DOe and thus eDOM across the bioreactors leading to
a decrease in absorbance of the outflow water. Photobleached samples actually showed a
greater decrease in absorbance (-30%). DOe is reduced by microbial metabolism and
coupled with the effects of photobleaching tl~e amount of eDOM is reduced as well.
Through photobleaching the water had a decrease in absorbance of S. 7% (Table 2) and
then decreased by another 30 % through the bioreactors indicating that there is almost a
40~(, loss of absorbance "'ith the combined proccsscs. This is an cxtrcmcly important
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finding because it shows that microbial metabolism as well as photobleaching can cause
the water column to become more transparent. This can have significant effects on river
ecosystem because in the summer months UVR is higher and water column depths are
shallow leaving organisms vulnerable to the harmful radiation. This could be further
exaggerated by warmer temperatures increasing microbial metabolism. The Lehigh
River appears to have favorable conditions for potential losses in optical properties with
high amounts of UVR.
There were also significant decreases in the amount of total fluorescence and
fluorescence ratio in non-photobleached samples. This shows that the optical quality has
changed along with the changes in DOC and ultimately CDOM. Microbial metabolism
has shifted the DOC from one end of the optical spectrum with autochtonous sources and
higher fluorescence ratios to more allochthonous sources and lower fluorescence ratios.
On the ecosystem level microbial metabolism may disguise the actual sources of DOC by
altering the optical properties. Multiple regressions showed that the most important
relationships with the change in fluorescence and fluorescence ratio were higher initial
absorbance and fluorescence indicating the importance of CDOM in detemlining the
optical properties.
Finally, there were significant increases in the spectral slope (UV-A) for
photobleachcd (3.6%) and non-photobleached samples (26.33%) as well as significant
increases in spectral slope (UV-B) (3.41 %) for non-photobleached samples. The increase
in spectral slope UV-B is minor but is opposite of what is expected with decreases in
absorbance and DOC. This shows a increase in the absorption of UVB compared to PAR
wavelengths. The spectral slope parameter provides a mechanism for comparing optical
properties of CDOM over time (Zepp et al. 1998, Markager and Vincent 2000).
The most important significant relationships with the change in the spectral slope
for photobleached samples were a positive relationship with initial absorbance and DOC
specific absorbance. These relationships indicate the importance of eDOM in regulating
the changes in optical properties. Overall the increase in spectral slope may help to offset
the problems that photobleaching and microbial metabolism may cause by increasing the
transparency of the water column making organisms more prone to harmful radiation.
Microbial metabolism can cause significant changes in the optical and chemical
properties of river ecosystems. This coupled with initial photobleaching can significantly
increase transparency in streams. Not only do microbes help regulate the DOM pool in
aquatic environments but the optical environment of rivers as well.
SEASONAL VARIABILITY
This study illustrates that microbial metabolism can cause seasonal variability in
the optical and chemical properties of the Lehigh River and in tum microbial metabolism
is also influenced by the chemistry of the Lehigh River. Throughout the year from winter
to fall biolability increased reaching its peak in the fall. This is also true for the
concentration of DOC in the river (Figure 7a) further emphasizing the relationship
between higher total DOC and increased biolability. The increased biolability in the fall
is most likely due to the large amounts of DOC transported to the river in the fall months
following leaf drop. The decreases in absorbance (320 nl11) and in total fluorescence
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also became large throughout the year from winter to fall with the largest decreases
occurring in the fall. These variables are closely related to the decrease in DOC because
as DOC decreases so does the amount of eDOM present which also would become
evident in the decrease in optical parameters like absorbance and fluorescence.
Absorbance and fluorescence also reached their peak during the fall in the river
coinciding with the peak in DOC concentration. Oxygen also had the largest decreases in
the fall. This trend is most likely caused by the need to consume more oxygen while
metabolizing more DOC. Overall the biolability and the change in optical and chemical
parameters through the bioreactors varied seasonally coinciding with the seasonal
variations in river conditions.
CONCLUSIONS
The bioreactors provide an estimate of the biolability of the Lehigh River as well
as emphasize the importance of microbial metabolism on the optical environment of river
systems. The biolability of the Lehigh River is consistent with that of various aquatic
ecosystems. Photobleaching leads to increased biolability and stimulation of microbial
communities. These processes also act together to alter the optical and chemical
environment in the Lehigh River. Decreases in absorbance and fluorescence indicate the
importance of microbial metabolism on the transparency in river systems.
Photobleaching coupled with microbialmetabolisl11 increases the transparency even
further. Increasing UVR could potentially have signi ficant impacts on shallow systems
like the Lehigh River with increased transparency. This study also illustrates the seasonal
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variability in biolability and optical and chemical properties and the importance of initial
river conditions on this variability. Although this study was conducted in vitro to
simulate actual microbial communities in the river future studies should try and measure
biolability in situ.
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Non Photobleached Samples
Variable Mean Change (SO) %Change Significance
Dissolved Oxygen(mg/L} -0.738 (.336) -10.46 *
pH -0.094 (.251 ) -1.20 *
DOC (ppm) -0.345 (.153) -15.43 *
Absorbance (320nm)m-1 -1.959 (1.268) -22.40 *
DOC Specific Abs (320nm)m-1 -0.347 (.530) -9.40 ---
Total Fluorescence -1864 (1191 ) -7.95 *
Fluorescence Ratio(F450:500) -0.010 (.031 ) -0.61 *
Spectral Slope UV-A 0.00046 (.00124) 3.60 *
Spectral Slope UV-B 0.00045 (.00076) 3.41 *
Photobleached Samples
Variable Mean Change (SO) %Change Significance
Dissolved Oxyqen(mq/L) -0.843 (.687) -13.06 *
pH 0.048 (.155) 1.00 ---
DOC(ppm) -0.949 (.455) -39.87 *
Absorbance (320nm)m-1 -1.297 (1.480) -32.76 *
DOC Specific Abs (320nm)m-1 .074 (.305) 11.63 ---
Total Fluorescence 346 (609) 36.69 ---
Fluorescence Ratio(F450:500) 0.030 (.115) 3.05 ---
Spectral Slope UV-A 0.00247 (.00251 ) 26.33 *
Spectral Slope UV-B -0.00173 (.00267) -8.13 ---
Table 1. Summary statistics for all \"ariables for both photobleached (n-I 0) and non
photobleached samples (n-50) a\"Craged for all dates. Significance reported as '" = < .05.
& --- = not significant.
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Mean Change in Initial Samples from Photobleaching
Variable Mean Change (SO) %Change Significance
Dissolved Oxygen(mg/L) N/A N/A ---
pH N/A N/A ---
DOC(ppm) -.54 (.42) -17.23 ---
Absorbance (320nm)m-1 -17201 (6755) -8.7 **
DOC Specific Abs (320nm)m-1 -.10 (.12) -6.95 ---
Total Fluorescence -8.77 (4.56) -75.04 **
Fluorescence Ratio(F450:500) -2.81 (.744) -69.73 **
Spectral Slope UV-A -.00299 (.00233) -20.57 **
Spectral Slope UV-B .00591 (.00318) 43.76 **
Mean Change through Bioreactors after Photobleaching
Variable Mean Change (SO) %Change Significance
Dissolved Oxyqen(mq/L) -0.843 (.687) -13.06 *
pH 0.048 (.155) 1 ---
DOC(ppm) -0.949 (.455) -39.87 *
Absorbance (320nm)m-1 -1.297 (1.480) -32.76 *
DOC Specific Abs (320nm )m-1 .074 (.305) 11.63 ---
Total Fluorescence 346 (609) 36.69 ---
Fluorescence Ratio(F450:500) 0.030 (.115) 3.05 ---
Spectral Slope UV-A 0.00247 (.00251 ) 26.33 *
Spectral Slope UV-B -0.00173 (.00267) -8.13 ---
Table 2: Summary statistics for the mean change in initial samples from photobleaching
(n-lO) and the mean change in the photobleached samples through the bioreactors
(n-14). Significance reported as * = < .05, & --- = not significant.
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a) Non Photobleached Correlation Matrix
~
Mean Change across the bioreactors
w
w
DO BDOC Total FI Ratio Abs (320nm) DOC spec absRiver Conditions pH (320nm) m- SUVA SUVB(mglL) (ppm) Fluor (450:500) m-l lIppm
Discharge (m3/s) .02 .03 .004 .05 -.29** .20** .08* .02 .01
Precip (3day) (in.) .003 .05 .02 .01 4.2") .01 .001 .08* .01
Temp (deg c) .01 .002 .001 .06 .03 .11* .003 .01 .01
pH .02 .11 * .01 .01 .10* -.23** .02 .001 .06
DOC (ppm) .0004 .03 .42** .14* .05 .40** .02 .01 1.9,0
Total FI (sum) .0009 6.9') .01 .12* -.19** .40** .04 .002 .001
FI ratio (450:500) .01 .02 .001 .06 .43** -.35** .02 .0004 .005
Abs (320nm)m-1 .002 .05 .02 .26** -.12* .77** .03 .0004 .005
DOC spec abs
.03 .06 -.13* .03 -.09* .11 * .03 4.9-5 .02(320nm) m-lIppm
SUVA .02 .08 6.1') 5.8"' 1.9') .02 .08* -.22** .01
SUVB .0004 .07 .01 -.13* .14* -.43** -.08* .04 .01
w
.j::.
b) Photobleached Correlation Matrix
Mean Change Across Bioreactors
Abs DOC spec
River Conditions DO pH BDOC Total Fluor FI Ratio (320nm) abs SUVA SUV(mg/L) (ppm) (450:500) (320nm) m- B
m-l lIppm
Discharl!;e (m3/s) .14 .04 .03 .53* .18 .55* .28* .55* .01
Precip (3day) (in.) 5X' .01 8.T' .07 .08 .12 .03 .12 .04
Temp (del!; c) .02 .27 .10 .04 .19 .06 .12 .06 .04
pH .001 .69* .07 .001 .21 .28 .02 .28 .01
. DOC (ppm) .67** .07 .80** .22 .08 .63** .17 .69** .01
Total FI (sum) .37* .16 .23 .54* .22 .92** .39* .94** .03
FI ratio (450:500) .13 .04 .03 .15 .58** -.52* -.29* -.52* .01
Abs (320nm)m-l .45* .004 .34* .52* .16 .97** .27* .97** .003
DOC spec abs
.30* .01 .23 .40* .15 .86** .21 .86** .02(320nm) m-lIppm
SUVA .004 .15 .02 .01 -.59* .04 .29 .004 .01
SUVB .07 .41 * .23 .02 .05 . .10 .07 .10 .14
Table 3 (a, b): Correlation Matrix showing significant (*=<.05, **=<.001) positive and negative correlation coefficients for
initial river conditions vs. mean changes in variable concentrations for non-photobleached (n~50) and photobleached (n~10)
samples across the bioreactors.
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Mean change in Standard across the bioreactors
Date ~DO ~pH BOaC ~Total FI ~FI ratio ~Abs ~ DOC spec abs ~SUVA ~SUVB
5/12/2004 -1.48 -0.15 -0.21 -1287 -0.02 -1.18 -0.44 -0.00124 -0.00071
6/28/2004 -0.91 -0.03 0.04 -1425 0.01 -1.00 -1.45 0.00015 -0.00020
7/27/2004 -1.85 0.17 -0.23 -1314 0.00 -0.07 0.45 -0.00005 0.00015
8/17/2004 -1.88 0.05 0.33 -1251 0.02 -0.04 -0.52 -0.00007 0.00022
Table 4: Mean change in initial river conditions across the bioreactors for the standard run on two dates.
River
Water
Collected
Whatman
GF/F
Filtered~
Photobleach Laboratory
Analyses
Bioreactors
Water
Collected
Figure I: Flow chart showing the weekly experiments for both photobleached and non-photobleached samples.
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% Decr in Absorbance (a) vs Wavelength
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Figure 3: The percent decrease in total absorbance for non photobleached samples frol11
the w3Yc1engths 440 - 2S0 nm for four dates.
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Figure 4 (a-k): Select regression graphs showing the mean change in variables
across the bioreactors vs. the initial conditions for non photoblcached samples
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Mean Deer in DO vs Initial DOC
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Figurc 7 (a-t): Graphs ofriycr conditions \'s. timc throughout thc study period.
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